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INTRODUCTION
Mushrooms accumulate Cs, including radiocesium''2'. After the Chernobyl reactor accident, high concentrations of radiocesium were found in European mushrooms3-6'. Cesium-137 concentrations in mushrooms are markedly higher than those in autotrophic plants'-". In a previous study", we calculated the contribution of mushrooms collected in Japan to the total Japanese intake of "'Cs (on average) as 32%, whereas the intake for 40K was only 1.7%. Mushrooms therefore are considered important in estimating the internal radiation dose of 137Cs obtained from foods.
In terms of the forest ecosystem, mushroom species have important functions in the decomposition of plant materials and the absorption of elements, such as K and P, from soil"). In a previous study'', we reported results of laboratory experiments on the accumulation of the radiotracers 137Cs, 85Sr, 60Co, 54Mn and 65Zn in three mushroom species and one higher plant (Medicago sativa) . Mushrooms tended to accumulate large amounts of Cs, but there were marked differences among the mushroom species. Accumulations were low for Sr and Co. There still is little data available on the transfer of various nuclides to mushrooms, in comparison to the known data on the transfer of other biological materials"-". Reliable data on the accumula tion of other nuclides in mushrooms are needed for doing radioecological and environmental studies.
A multitracer, produced by irradiating targets with high-energy heavy-ions16), can be used to study the behaviors of various elements in the environment. Ambe et al. I') made a multitracer study of the absorption of radionuclides through the roots of rice and soybean plants cultivated in nutrient solutions or soil and obtained the distributions of the radionuclides of 24 elements (Be, Na, Sc, Mn, Co, Zn, Se, Rb, Sr, Y, Zr, Nb, Ru, Rh, Ag, Te, Ce, Pm, Eu, Gd, Yb, Lu, Hf and Ir) in the grain, leaves, stems and roots.
We used the multitracer technique to study the transfer of several radionuclides (elements) from a medium (mixture of yeast extract and malt extract) to two mushroom species. The multitracers contained 17 nuclides, including ones related to fission products (Sr, Ce, Te), activation products (Mn, Co, Zn) and natural radionuclides (Rb).
MATERIALS
AND METHOD
Multitracer
The radioactive tracers were produced by irradiating thin gold foil with a 14N beam accelerated to 135 MeV/nucleon in the RIKEN Ring Cyclotron"'. The irradiated foil was dissolved in aqua regia, and the solution obtained evaporated to dryness. The residue was dissolved in 3 M HCI. Gold was extracted from the solution with ethyl acetate. The aqueous solution with the multitracer was adjusted to 0.05 M HCI. Details of the separation procedure are described in Ambe et al. 16 '. In our study, the irradiated gold foil was cooled for more than 4 months before the separation. The radionuclides used were 22Na, 54Mn, 60Co, 65Zn, 75 Se , 83Rb, 85Sr, 88Y, 102Rh, 12ImTe, 139Ce,'43Pm,'44Pm,'46Gd, 153Gd,'73Lu and '75Hf. Chloride was the chemical form of these nuclides in the multitracer.
Mushrooms Cultivation
Two mushroom species, Hebeloma vinosophyllum and Coprinus phlyctidosporus, were used in the culture experiment. The medium solution was comprised of yeast extract (2 g), malt extract (10 g) and agar (15 g ) dissolved in distilled water (1000 ml), then 25 ml portions were poured into flasks (200 ml), and the multitracer was added. The pH of the solution was adjusted to 6.0 with O.1N-NaOH, and the mixture autoclaved. Three flasks per mushroom species containing the medium solution and multitracer were prepared and incubated at 25°C. After about one month, the mushrooms produced fruiting bodies. The concentrations of radionuclides in the mushroom samples (whole fruiting bodies) were measured with a Ge detector. Details of the counting procedures are described elsewhere'). The mean values of the three flasks were calculated for each species. The concentration ratio, defined as the radionuclide activity in the fruiting bodies of the mushroom (Bq/g, wet wt.) divided by the radionuclide activity in the medium at the beginning of the experiment (Bq/g, wet wt.), was calculated. The accumulations of the multitracer in the fruiting bodies of the two mushroom species are shown as concentration ratios in Table 1 . Figure 1 shows radionuclides that had mean concentration ratio values (with standard deviation) higher than 1. The ratios were in the order of Rb > Zn > Mn > Na > Se and Sr. Markedly high values of more than 10 were found for Rb (27), Zn (21) and Mn (11) . The elements Co, Ce, Y, Rh, Te, Pm, Gd, Lu and Hf had concentration ratios lower than 1 (Fig. 2) . The concentration ratios of Mn, Zn and Sr found for the mushrooms in this study were almost the same as the values reported previously '2). Because the concentration ratios of radioactive Rb, Zn and Mn are markedly high, in order to protect against radiation attention must be paid to the levels of these nuclides in contaminated forest ecosystems. In a previous study12), we found that radionuclide accumulation for mushrooms was in the order of Zn > Mn > Sr > Co, whereas for the higher plant (Medicago sativa) the order was Sr > Zn and Mn > Co. Mascanzoni1) also reported a tendency for the low accumulation of Sr in mushrooms collected from Swedish forests. Ambe et al. I" found a decreasing tendency in the transfer factor for soybean stem of the order Sr > Rb > Zn > Mn > Se > Na. Yoshida and Muramatsu2) analyzed many major and trace elements in mushrooms, higher plants (tree leaf) and soil samples collected from a pine forest and found a high accumulation of Rb and Cs and a low accumulation of Mg, Ca, Sr and Ba in mushrooms as compared with the higher plants.
There is a characteristic difference in the accumulation of Sr between mushrooms and higher plants.
Interestingly, there are specific differences in the accumulation of alkali elements. We found that Rb is highly accumulated in mushrooms, whereas the concentration ratio of Na is significantly lower than that of In a previous study using 137Cs, however, we found that it tended to be accumulated in mushrooms, the concentration ratios being 21 ± 1, 14 ± 3 and 2.6 ± 0.3, respectively for H. vinosophyllum, F. velutipes, and C. phlyctidosporus. The concentration ratio of Rb for H. vinosophyllum (32) was somewhat larger than that of Cs. Differences in the concentration ratios among the species for Rb seemed to be smaller than for Cs. The concentration ratio of Cs for H.
vinosophyllum was about 8 times that for C. phlyctidosporus''-', whereas the ratio of Rb in H. vinosophyllum in the experiment reported here was only about 1.5 times that for C. phlyctidosporus. Ingrao et al.") found no marked correlation between the concentrations of Cs and Rb in mushrooms collected in the field (R = 0.5).
In the present experiment, a small amount of Se was detected in the Silicon plug used to cover the flasks and in the activated charcoal supplemented with tetramethylendiamine in a dish placed in the incubator.
We assumed that Se, added as an inorganic form, was converted to a gaseous organic species by the biological activity of the fungi. Chau et al. 10) reported that inorganic and organic selenium compounds are converted to volatile selenium compounds by microorganisms in lake sediments. The volatile selenium compound produced would be dimethyl selenide.
The chemical composition of the medium was determined by inductively coupled plasma mass spectrometry (Yokogawa, PMS-2000). The element concentrations (on a wet weight basis) obtained (data for Na, K, Ca, Mn, Zn and Sr were published in our previous study 12)) are 2400 ppm for Na; 1000 ppm for K; 77 ppm for Ca; 2.6 ppm for Zn; 1.9 ppm for Sr; 0.5 ppm for Rb; 0.3 ppm for Mn; 0.03 ppm for Co; < 0.01 ppm for Se, Ce and Hf; and < 0.003 ppm for Y, Te, Gd and Lu. Elsewhere 12) we found that the concentration ratios of mushroom to medium for Cs, Sr and Co were not markedly affected by coexisting stable elements (up to 10 ppm in the medium), whereas the ratio of Mn decreased as the amount of stable Mn in the medium increased. Because the concentrations of most elements (except Na, Sr and Zn) found in this study are very low, the concentration ratio of the relevant nuclide may not be much affected by coexisting stable elements.
Sodium is known to function in the control of osmotic pressure and ionic strength in the cell. A high Na concentration could be the cause of the low Na concentration ratio.
The concentration ratios of Co, Y, Rh, Te, Ce, Pm, Gd, Lu and Hf are very low (Fig. 2 ). This suggests that there would be no particular accumulation of these elements in mushrooms in the case of contamination.
The concentration ratios of the rare earth elements in C. phlyctidosporus tended to decrease with increasing atomic number, but the data are limited.
Uptake experiments using a multitracer provided information about the concentration ratios of several nuclides (elements) in mushrooms. Because there is little available information on the accumulation of elements in mushrooms, our findings can be used to understand the behavior of radionuclides in the environment and to estimate possible radiation doses due to the consumption of mushrooms.
